A tornado hit the northeastern suburbs of Hamburg, Germany, on 7 June 2016. It had an estimated strength of upper end F1 on the Fujita scale and was short-lived with an approximate duration of only 13 min and a path length of just about 1.3 km. We demonstrate that such a small-scale, extreme event can be observed and forecasted accurately by a low-cost radar and by an atmospheric model with low computational costs, respectively.
Introduction
Tornadoes are one of the most extreme weather phenomena. Within the funnel of a tornado wind speeds of up to 135 m s −1 (486 km h −1 ) occur (Alexander, 2010) . Such extreme winds can cause damage to man-made structures and can lead to loss of life. Especially in urban areas with high population and building density tornadoes can be devastating. In 2011 a tornado hit Joplin, MO, United States (US), causing 158 direct fatalities and total property damage of more than two billion dollars (Marshall et al., 2012) . On 20 May 2013, a tornado affected the cities of Newcastle, Moore and Oklahoma City, OK, US, resulting in 24 fatalities and more than 4250 damaged structures (Burgess et al., 2014) . Although less frequent than in the US deadly and devastating tornadoes occur in Europe as well: On 9 June 1984 Russia was hit by an F4 tornado, on 8 July 2015 another F4 tornado occurred in Mira, Italy and on 12 August 2002 an F3 tornado occurred in southeastern Romania (Finch and Bikos, 2012; Lemon et al., 2003) . Despite reports of 5478 tornadoes in 42 European countries causing 316 fatalities, 4462
injuries and approximately €1 billion in damages, tornadoes are still an underestimated threat in Europe (Antonescu et al., 2017) . But because of their relatively low frequency of occurrence in Europe, there is a lack of knowledge and adequate tools for forecasting tornadoes (e.g. highresolution radar networks as the one used in this study). Therefore, detecting and forecasting tornadoes remains a challenge for researchers and forecasters.
Even with the computing power of state-of-the-art supercomputers, predicting the correct timing and location of such a small-scale event is limited to a few minutes . Current operational weather forecast models reach horizontal resolutions of up to 1.5 km (Tang et al., 2013) and are able to simulate supercells (e.g. Curic and Janc, 2012; Stratman and Brewster, 2017) , from where most tornadoes evolve (Davies-Jones, 2015) . However, in order to resolve a tornado with a numerical model, very high resolutions of about 10 m are necessary. Such simulations pose a high demand on computing power and on data storage and are therefore not feasible for forecast purposes. In addition, the ability to forecast tornadoes is not only limited by https://doi.org/10.1016/j.atmosres.2018.04.009 Received 31 December 2017; Received in revised form 5 April 2018; Accepted 11 April 2018 computing constrains but also by the lack of complete understanding of tornado formation. According to the current understanding, the genesis of supercell tornadoes is a three stage process (Davies-Jones, 2015) : 1) Formation of a rotating updraft aloft. 2) Development of a cyclone at the ground. 3) Formation of the tornado (collapse and spin-up of the above cyclone). However, based on data from the US only 26% of supercells produced a tornado (Trapp et al., 2005) . Hence, severe weather indices are computed (e.g. the convective available potential energy, CAPE, wind shear) from kilometer-scale forecast models to assess the potential for a tornadic event (e.g. Gallo et al., 2016 Gallo et al., , 2018 Avgoustoglou et al., 2017) , which is known as the ingredients-based approach. Based on proximity soundings or numerical weather prediction output, environments favorable for tornadoes were identified and multiple indices developed (e.g. Craven and Brooks, 2004; Thompson et al., 2003 Thompson et al., , 2012 Púčik et al., 2015) .
Precipitation estimates from radar observations serve as input for weather forecast models (e.g. Stephan et al., 2008) . In contrast to in-situ rain gauges, weather radars cannot observe precipitation directly, but measure the reflectivity from raindrops. Radar reflectivity has to be converted into rain rate using a common statistical relation between both quantities (e.g. Marshall and Palmer, 1948; Ulbrich and Atlas, 1978; Atlas et al., 1999) . However, clear advantages of radar observations over point measurements from rain gauges are the areal coverage and the detailed information not only on the temporal but also on the spatial structure of rain events. This information is crucial to investigate and forecast tornadoes or similar weather phenomena. Radar networks of most national weather services operate in the C-or S-band frequency range and provide observations with a maximum range of several 100 km, a spatial resolution of typically 250 m-1 km and a temporal resolution in the order of 5 min. The radar network of the German Meteorological Service (DWD) e.g. has recently been upgraded to polarimetric systems that provide precipitation fields with 250 m spatial resolution, but it still lacks high temporal resolution. Small-scale extreme weather phenomena such as tornadoes, however, occur very localized and on short time scales and might not be covered in sufficient detail by this kind of radar systems (Wurman and Gill, 2000) .
High-resolution X-band weather radars can give more detailed information on temporal and spatial structure as well as evolution of precipitation events. These systems can operate with resolution of less than 1 min in time and a few 10 m in space. Mobile Doppler X-band radars have been used for detection and investigation of the evolution of several tornadoes that occurred in the last decade, e.g. in the US (French et al., 2014; Tanamachi et al., 2012) and the Netherlands (Akerboom, 2016) . Dawson et al. (2017) demonstrated that data from Doppler X-band radars with coarser resolution can be used to verify supercell forecasts. However, dual-polarized Doppler systems are costly and the interpretation of the observations requires experienced staff. A less expensive and simpler alternative is the usage of single-polarized ship navigation radars adapted to the requirements of precipitation observation. In Hamburg, Germany, such a single-polarized low-cost Xband radar provides rainfall observations every 30 s with a spatial resolution of 60 m and 1°that allows for detailed information about the spatial and temporal evolution of precipitation events in the urban area (Lengfeld et al., 2014) . Single-polarized X-band radar measurements have been shown to detect tornado echoes previously (SutherlandStacey et al., 2010) .
On 7 June 2016 parts of Hamburg were hit by a weak tornado. This was already the third confirmed tornado that occurred within the city boundaries of Hamburg in a 10 years period. Depending on the source, only 4 (European Severe Weather Database, Dotzek et al., 2009 ) to 6 tornadoes (Tornadoliste, 2017) were confirmed in the 50 year period before 2006 (1956-2005) . In contrary to the tornado that hit Hamburg in 2006 (27 March) , no injuries or fatalities were caused even though it touched ground in a populated area. Due to the higher population density in the affected area and the development of smart phones a higher number of eye witness reports, photos and videos of the 2016 tornado exist compared to the 2006 tornado (Fig. 1) . This paper will introduce an approach to examine and forecast a tornado at relatively low costs using a state-of-art radar system and nowcasting model. The high-resolution precipitation fields provided by the X-band radar that covers the urban area of Hamburg during the occurrence of the tornado and forecasts with the conformal-cubic atmospheric model (CCAM; McGregor, 2005a,b; McGregor and Dix, 2008) at a 1 km horizontal resolution will be examined. The X-band radar is introduced in Section 2. Section 3 deals with the forecast model CCAM and its set-up. The synoptic description of the event is given in Section 4 followed by radar observations and the results of the CCAM forecast in Section 5. Summary and concluding remarks are given in Section 6.
Radar
In this study, two different radar systems are used to investigate the tornado in Hamburg, Germany: A C-band radar that is part of the network of the German Meteorological Service (DWD) and a local area weather radar (LAWR) operating in the X-band frequency range.
The system operating in the C-band frequency range (5625 MHz) is a dual-polarized Doppler radar and is located approximately 50 km north of Hamburg. It has a maximum range of 150 km and covers the city. Reflectivity is measured with 5 min temporal, 250 m range and 1°a zimuth resolution. Here, the product containing the average of four 250 m range bins is used, leading to a range resolution of 1 km. Technical details are listed in Table 1 .
The Meteorological Institute of the University of Hamburg operates a LAWR in the city of Hamburg. It has a maximum range of 20 km and is set up on a rooftop in the center of Hamburg covering the whole urban area (Fig. 2) . The LAWR provides horizontal reflectivity scans at a fixed elevation angle of appr. 3°with continuous rotation rate of 24 rpm. Information of 12 scans is combined for precipitation observation resulting in 30 s temporal resolution. Range resolution of 60 m and angular sampling resolution of 1°in azimuth direction are chosen. The LAWR is a modified ship navigation radar (GEM Elettronica scanner SU70-25E) that cannot perform polarimetric measurements nor observe Doppler shift. For more technical information on the LAWR see Table 1 .
In order to provide valuable precipitation observations a dynamic noise correction is applied to the reflectivity measurements of the LAWR separating the precipitation signal from the background noise. Furthermore, a set of clutter filters is applied to identify non-meteorological echoes including a static clutter map, common dynamic clutter filters based on the texture of logarithmic reflectivity (TDBZ) and the SPIN field (Hubbert et al., 2009 ) as well as a filter that makes use of the advantage of high temporal resolution. A detailed description of the data processing is given in Lengfeld et al. (2014) .
The X-band radar operates at a frequency of 9410 MHz and is strongly affected by attenuation due to liquid water because the influence of attenuation is proportional to the frequency. To correct the resulting underestimation of the precipitation rate in cases of strong rainfall, a method combining less attenuated observation from the Cband radar operated by the DWD with the X-band radar measurements is applied. This method is described and examined in detail in Lengfeld et al. (2016) . It allows for correcting attenuation and at the same time preserves the advantage of high-resolution rainfall estimation from the LAWR system.
Forecast model
The conformal-cubic atmospheric model (CCAM; McGregor, 2005a,b; McGregor and Dix, 2008 ) is an open source global stretchedgrid non-hydrostatic numerical model. In the past, it was used both as a weather forecast model (e.g. Thatcher and Hurley, 2010) and as a regional climate model (e.g. Katzfey et al., 2016) . CCAM employs a global conformal cubic grid which consists of 8 panels with an even number of grid points. Using the Schmidt transformation (Schmidt, 1977 ) the grid can be stretched in a way that for the central panel high resolution with nearly even grid spacing is achieved. The horizontal resolution decreases with distance to the central panel. The advantages of the stretched-grid approach compared to the conventional limited area modelling approach are that it does not require lateral boundary conditions and that it accounts for the interactions between large-scale and small-scale processes. The disadvantages of the increased number of horizontal grid points and the non-uniform grid spacing are tackled with efficient and robust numerical schemes. The forecast, conducted for this study, was run on a Windows laptop using two processors ig. 2. Topographic map of the City of Hamburg with maximum range of the Xband radar indicated by the blue circle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . CCAM forecast strategy. within 3 h.
For the forecast of the tornadic event a three step downscaling method with a final resolution of 1 km over the Hamburg area is used (Fig. 3) . In the first step, a slightly stretched version of CCAM (∼60 km central panel) is initialized with atmospheric data and sea surface temperatures from the 00 UTC NCEP analysis. For the initialization of the soil variables, fields from the previous forecast run are taken. The results of this coarse forecast are used to force a second version of CCAM with stronger stretching (∼8 km central panel). The large-scale atmospheric fields of the coarse run are transferred to the high-resolution run using a scale selective filter (Thatcher and McGregor, 2009 ). In the final step, the results of the 8 km CCAM forecast are further downscaled with a highly stretched version (∼1 km central panel) employing the same forcing method. The microphysics scheme employed is a single-moment scheme that accounts for cloud liquid water, ice, snow, graupel and rain (Rotstayn, 1997) . Stratman and Brewster (2017) showed that, while the forecast of tornadic supercells can be sensitive to the microphysics scheme, single-moment schemes perform reasonably well compared to multi-moment schemes. In addition, effects of aerosols on the radiation and on the cloud microphysics are considered (Rotstayn and Lohmann, 2002; Rotstayn et al., 2011) , which are shown to be important for the simulations of severe convective storms (Lompar et al., 2017) . In order to account for processes within the urban canopy layer, CCAM employs a state-of-the-art urban parameterization based on the Town Energy Budget (TEB; Masson, 2000) , approach denoted here as aTEB (Thatcher and Hurley, 2012; Luhar et al., 2014; Lipson et al., 2017) , which is coupled to the Community Atmosphere Biosphere Land Exchange model (CABLE) land-surface scheme (Kowalczyk et al., 2013) . Compared to the original approach by Masson (2000) aTEB has an improved representation of suburban areas, an in-canyon vegetation parameterization, an additional parameterization for air-conditioning and an improved thermal conduction model. Accounting for urban effects is particular important because Hamburg is shown to have an impact on the precipitation distribution (Schlünzen et al., 2010) . The model set-up is summarized in Table 2 .
Event description
On 7 June 2017 an Omega blocking pattern, which slowly weakened, influenced most parts of Western and Central Europe. Within this large scale weather pattern, the surface weather chart at 12 UTC (Fig. 4) shows several short-wave troughs over Central Europe, which resulted in a convergence zone (CZ) spanning from Central France to Southern Denmark. This CZ moved slowly eastward and passed Hamburg later that day leading to a wind shift from SE to N. The objective weather type classification for Germany from the DWD based on upper air meteorological fields from the DWD forecast model (Bissolli and Dittmann, 2001 ) yielded the weather type XXAAW (no prevailing wind direction, anticyclonic in 950 hPa and 500 hPa, wet troposphere) for the 7 June 2016. A climatological analysis of tornadoes in Germany by Bissolli et al. (2007) shows that under such synoptic scale conditions tornado events were reported in the past while this weather type only accounts for a small portion of the tornadoes in Germany (appr. 2%).
Surfaces temperatures and dew points within and in the vicinity of Hamburg at 12 UTC ranged from 25°C to 27°C and from 10°C to 15°C, respectively. Sounding data from the two nearby stations Schleswig and Bergen show a deep dry layer above 700 hPa with step temperature laps rates above the boundary layer at 12 UTC (Fig. 5a, b) . Also visible in Fig. 5a is a strong capping inversion at Schleswig (∼925 hPa), which inhabits convection if no strong forcing is present but also helps building up convective available potential energy (CAPE). At 12 UTC, moderate CAPE values of 392 J kg −1 are present. They were likely to increase during the afternoon hours due to an increase in surface moisture (e.g. dew points at Hamburg-Fuhlsbüttel: 13°C at 12 UTC, 17°C at 16 UTC). At Bergen, the 12 UTC sounding shows a weaker capping inversion as well as smaller CAPE values of 30 J kg −1 (Fig. 5b) .
The additional 18 UTC sounding at Bergen (Fig. 5c ), which was approximately the time when the CZ passed this station, reveals that the capping inversions disappeared as the boundary layer depth increased and that the CAPE values increased to 396 J kg
, which is comparable to the values from Schleswig at 12 UTC. However, for Hamburg CAPE values at the time of the tornado were likely higher because of higher surface moisture (17°C vs. 14°C for Berger at 12 UTC). The upper air winds show only weak variations with height for Schleswig (Fig. 5a ) except for a low-level jet (LLJ) in 860 m above ground. The latter, is also observed at the station Norderney, located 190 km west of Hamburg and therefore west of the CZ (not shown). Up to a height of about 6 km above ground the atmosphere above Bergen at 18 UTC is almost calm (Fig. 5c ). Consequently, the deep level vertical wind shear (e.g. between the surface and 6 km) needed for the development of a supercell originated not by the large scale circulation but by the varying winds along the CZ. Also the low-level wind shear (e.g. between the surface and 1 km) needed for the development of a tornado originates mostly from the CZ and to a lesser extend from the LLJ that was present in the environment west of the CZ.
The combination of the warm and moist boundary layer, the unstable layer above, and the CZ as a lifting mechanism led to widespread thunderstorm development over Western and Northern Germany in the afternoon. One of the cells that developed in the area of Hamburg evolved into a supercell. At around 16:24 UTC (18:24 CEST), the tornado touched ground in the suburb of Bramfeld. With an approximate duration of 13 min and a path length of appr. 1.3 km the tornado was short-lived. It caused only moderate damage and fortunately no fatalities or injuries. Based on the damage reports, the strength of the tornado is estimated to be F1 (upper end) on the Fujita scale (Tornadoliste, 2017) , which indicates wind speeds between 33 m s −1 to 50 m s −1 . However, no official classification was conducted for this tornado.
Results

Radar
The LAWR covering the area of Hamburg first detected the cell from which the tornado developed around 15:20 UTC. The cell intensifies over the next hour but stays quasi-stationary east-north east of Hamburg (Fig. 6 ). From 16:14:30 UTC on, radar signal indicates the development of a tornado. The characteristic hook echo is visible between 16:20:30 UTC and 16:28:30 UTC. During this time interval, the LAWR captures a circular hook echo in the rain rate. It can be attributed to precipitation occurring in the clouds rotating around the tornado (i.e. wall cloud). Fig. 7 shows a detail of Fig. 6e together with the tornado track at ground, reconstructed from reports on damage observations. Since reconstructed after the event, the tornado track does not include time information. The shift between the tornado track at ground and the wall cloud signal at radar height is probably due to an inclination of the tornado funnel (Fig. 1) . Maximum recorded reflectivity during the event is 69.7 dBZ at 16:29:30 UTC, which corresponds to 474 mm h −1 for this 30 s value. It occurs after the tornado is recorded in the part of the cell intensifying north east of the tornado location. Accumulated hourly rainfall for 16:00:00 UTC, 17:00:00 UTC, and 18:00:00 UTC (Fig. 8) confirm the local development of the precipitating cell before 16:00:00 UTC. Due to the stationary position of the cell, precipitation between 16:00:00 and 17:00:00 UTC sums up to a maximum of 39 mm. Between 17:00:00 UTC and 18:00:00 UTC, the area of the signal of the cell within radar reach decreases, but accumulated rain fall increases to 53 mm. Data of the C-band radar operated by DWD at the Boostedt site also clearly shows the stationary precipitation cell in the northeast of Hamburg (Fig. 9) . A hook echo is apparent in the data at 16:20:30 UTC, but the signal is indistinct and not visible in the time steps before and after. Therefore, the tornado is not discernible in the C-band reflectivity data. Though, the C-band radar network of DWD also provides Doppler information in which the tornado is visible.
CCAM
The simulation results of the finest version of CCAM are discussed in the following. In the applied version of CCAM only hourly accumulated rainfall is available (Fig. 10) . Consequently, CCAM rainfall can only be compared to the hourly rainfall sums in Fig. 8 . Multiple small convective cells can be seen northwest of Hamburg at 16 UTC (Fig. 10a ) that intensify and merge into a large cell at 17 UTC (Fig. 10b) . This corresponds to the tornado producing cell seen in the radar data (Fig. 8b) . It is however shifted to the west compared to the radar data. Hence, the tornado track is missed by a few grid cells. With a maximum hourly averaged rainfall rate within the cell of 19 mm h −1 CCAM underestimates the rainfall intensity by 50% compared to the X-band radar. This is likely due to the lower spatial resolution of CCAM (∼1 km). In addition, Lompar et al. (2018) suggested that by including gust front scheme higher cumulative rainfall amounts can be expected. At 19 UTC, the convective activity weakened but the cell only slowly moved eastwards (Fig. 10c) . The propagation speed is slower than observed and some smaller cells are visible that are not present in the radar data. It is not possible to forecast a tornado with analyzing simulated rainfall or wind at a kilometer-scale resolution. Therefore, similar to Das et al. (2016) severe weather indices, which are used to assess the probability of a tornadic event, are computed from the CCAM forecast. There is a wide range of such indices available in the literature and the use of such indices depends on the preferences of the forecaster. Here, we only show three indices that are used by the Storm Predication Center (SPC) and that are easy to compute and interpret. In the following we will first define these indices and then present the analysis of the tornado event.
Convective available potential energy
One of the widely used thermodynamic indices is CAPE, which is a measure for convective potential of the atmosphere. It can be directly linked to the vertical wind speed within a convective updraft and hence the strength of a thunderstorm. CAPE is calculated by vertically integrating the buoyancy of an air parcel from the level of free convection z fc to the equilibrium level z el :
where g is the gravitational constant, T vp the virtual temperature of the air parcel and T ve the virtual temperature of the environment. There are many different types of CAPE, depending on which parcel is chosen. Examples are the surface based CAPE (SBCAPE), the most unstable CAPE (MUCAPE) and the mixed layer CAPE (MLCAPE). All these types of CAPE differ primarily in the starting height of the parcel. CCAM computes CAPE for each time step as part of the convection parameterization. Similar to the computation of MLCAPE, T vp is computed as an average over the mixed-layer but instead of z fc and z el the level of the cloud base and the limit of moist static instability, respectively, are used (McGregor, personal communication) . In addition, entrainment and detrainment processes are included, which might lead to lower values of CAPE compared to MLCAPE. The latter, assumes no mixing between the ascending air parcel and the surrounding environment. In the current version of CCAM, CAPE is only saved for grid cells where convection occurred. As output variables average CAPE (averaging time step 1 h) and maximum CAPE are available. In order, to identify the potential for a severe tornadic thunderstorm the latter is used.
Vertical wind shear
As mentioned in Section 4, vertically varying winds are needed for the development of supercells and tornadoes. The difference between wind vectors → v in different heights is called vertical wind shear. It is usually computed between two fixed heights. While for the development of supercells deep-level wind shear (DLS; e.g. 0-6 km) is important, the formation of tornadoes is associated with low-level wind shear (LLS; e.g. 0-1 km). Based on the guidelines of the SPC (SPC, 2017) an environment with LLS between surface and 1 km above 15-20 kts (7.7 m s −1 to 15.4 m s (2) and (3)), which were interpolated from CCAM's sigma coordinates.
Significant severe index
For the development of supercells thermo-dynamic and dynamic atmospheric conditions need to be present at the same time. Hence, forecasters use combined indices to find areas with a potential for severe thunderstorms. One of these indices was introduced by Craven and Brooks (2004) . They combined deep-level shear and MLCAPE into one index (Eq. (4)). Based on proximity soundings of severe weather events, they found that significant severe weather (hail = 2 in. and wind gusts = 65 kts) and significant tornadoes (F2 and above) are likely to occur if the product of both parameters is above 20⋅ 10 3 m 3 s −3 and 30⋅ 10 3 m 3 s −3
, respectively. In this study, this index is referred to as significant severe index (SSI).
5.2.4. Severe weather indices in the CCAM forecast Fig. 11 shows the three indices, CAPE, LLS and SSI, respectively, computed for 17 UTC, the time of the tornado as well as of the strongest rainfall signal in the CCAM forecast. CAPE values over Hamburg range from 1000 J kg −1 to more than 2000 J kg −1 (Fig. 11a) , which show thermodynamically favorable conditions for strong thunderstorm development. Northwest and southeast of Hamburg, CAPE is zero because (Fig. 11c) . Especially west of the strong convective cell (Fig. 10b) , SSI values are larger than the threshold for significant sever weather (i.e. 20⋅ 10 3 m 3 s −3 ). However, they are all lower than the threshold for significant tornadoes (i.e. 30⋅ 10 3 m 3 s
−3
). This is due to the moderate DLS of only up to 15 m s −1 (not shown).
In summary, the severe weather indices discussed above indicate that the simulated thunderstorm (Fig. 10 ) was likely to produce severe weather phenomena such as strong wind gusts or large hail. CAPE and LLS indicate that a tornado was also likely while the SSI is not as supportive for tornado development. 
Conclusions
On 7 June 2016 the rare event of a tornado occurred in the urban area of Hamburg, Germany. The tornado was rated F1 in the Fujita scale and despite touching ground in a highly populated area, did not cause fatalities but only property damage. In this study, we investigated the event from the observational as well as from the modelling perspective. Observations from two different radar systems that cover the urban area of Hamburg are compared: A C-band radar operated by the German Meteorological Service (DWD) and a single-polarized horizontally scanning X-band radar. The former provides precipitation estimates in 5 min temporal and 1 km range resolution, the latter in 30 s temporal and 60 m range resolution. While the C-band radar only vaguely resolved the typical tornado pattern, in the X-band radar data a clear structure of a hook echo can be seen that coincides well with the tornado track. Observations every 30 s allow for resolving the development and decline of the tornado. This underlines the importance of precipitation estimates from high-resolution radar observations for nowcasting small-scale events such as tornadoes. Especially, for urban areas a precise location of a tornado can be crucial for warning and emergency response systems.
In addition, the open-source Conformal Cubic Atmosphere Model (CCAM) is used for forecasting the tornadic event. The simulation was time saving and computationally cheap compared to forecast systems employed by national weather services because of CCAM's efficient code and because of the use of external initial conditions. Operational forecast models use some kind of data assimilation to yield initial fields. For the forecast conducted in this study, NCEP analysis data are employed for the initialization of CCAM. A comparison of hourly accumulated precipitation before, during and after the tornado indicates accordance between CCAM and rainfall estimates from the X-band radar. At the time of the tornado, CCAM simulations show a strong convective cell in the northern part of Hamburg with hourly accumulated rainfall of more than 10 mm h −1 . This corresponds well with radar observations although the convective cell is shifted slightly westward in the CCAM simulations. However, in the following hour CCAM simulates small convective cells in the area of the tornado that are not present in the observations. In addition to the hourly accumulated precipitation, three indices from CCAM for possible tornadic conditions are investigated: convective available potential energy (CAPE), vertical wind shear and the significant severe index (SSI). The 0-1 km vertical wind shear at 17 UTC indicates favorable conditions for severe storm development with a maximum of 12 m s −1 in the area where the tornado occurred.
Maximum CAPE and SSI also indicate good conditions for severe thunderstorm development with values higher than 2000 J kg −1 and 25⋅ 10 3 m 3 s −3
, respectively. However, the areas of strongest CAPE and SSI are slightly shifted westward missing the tornado track by a few grid cells.
These results demonstrate the ability of CCAM to forecast a smallscale severe weather event, using just a small amount of computing time (3 h on a standard laptop) compared to operational forecast systems. However, more comprehensive studies for a large number of such severe weather events need to be performed to quantitatively determine the forecast skill of CCAM with respect to severe weather. Nevertheless, CCAM might be a future tool for countries that do not operate very high resolution weather forecasts yet. Additionally, in combination with a system of low-cost X-band radars as a validation and nowcasting tool warning systems could be set up. To nowcast tornado favorable conditions with larger lead times, the range of the Xband radar of only 20 km is too small. A combination with observations from C-band radars could be beneficial to anticipate possible thunderstorms a few hours in advance. The higher resolved X-band radar data can then be used for nowcasting in the area of interest.
